Immune-suppressed organ transplant recipients (OTRs) can develop catastrophic squamous cell carcinoma (SCC), characterized by multiple primary tumors, extensive body surface area involvement, or metastases. There are currently no curative systemic therapies available. We previously showed that IL-22 enhances SCC proliferation. Herein, we examined links between cyclosporine (CSA), IL-22, and SCC in patients, cell lines, and mice with UV light-induced SCC. Eighteen of 114 OTRs developed catastrophic SCC, which was strongly associated with CSA treatment. We found that CSA drives T cell polarization toward IL-22-producing T22 cells, and CSA treatment increased IL-22 receptor in SCC cells. SCC tissue from OTRs showed increased expression of IL-22RA1. CSA potentiated rescue by IL-22 of serum-starved SCC cells; treatment of SCC cells with IL-22 and CSA increased both their migratory and invasive capacity. In a UV-induced model of SCC in SKH-1 immunocompetent mice, treatment with anti-IL-22 antibody reduced tumor number and tumor burden. We found that catastrophic SCC in OTRs is associated with CSA use, which may be acting by favoring T22 polarization. Since anti-IL-22 antibody administration decreased tumor number and tumor burden in vivo, blockade of the IL-22 axis may be developed as a viable therapeutic option for catastrophic SCC.
Introduction
Cutaneous squamous cell carcinoma (SCC) is the second most common human cancer and accounts for the majority of non-melanoma-related metastases and up to 10,000 deaths in the United States each year (1, 2) . Recent studies show that the number of deaths from SCC exceeds deaths from melanomas in the southern United States (2) . Although most primary cutaneous SCCs (cSCCs) can be cured via surgical excision, certain subtypes may present as highly aggressive tumors, with elevated rates of proliferation and significant invasive potential (3) . In particular, transplant-associated SCC (TSCC), which occurs in immune-suppressed solid organ transplant recipients (OTRs) may be considerably more aggressive than SCC in immune competent patients, with metastatic rates as high as 8% (4, 5) . Additionally, the incidence of SCC in OTRs is estimated to be over 100 times greater than that of the general population (6) . Furthermore, OTRs may experience catastrophic carcinomatosis defined by numerous primary cancers, extensive dysplasia involving more than 50% body surface area, or metastases (7) . This can make a surgical cure difficult, or often impossible, due to an inability to achieve a clear margin or tumor-free plane (4, 7) . To date, no systemic medical therapies have emerged for the treatment of TSCC, and it therefore remains a significant cause of morbidity and mortality in OTRs (4, 7) . In the case of catastrophic carcinomatosis, where surgical options are no longer viable, the need for a systemic therapy is even more essential in order to offer any form of treatment with curative intent. Therefore, there exists a real need for the development of targeted medical therapy for the treatment of aggressive SCC in transplant recipients.
It is a challenge to balance medical management of catastrophic cancer in OTRs while maintaining immune suppression at appropriate levels to ensure allograft survival. The mainstay of therapy for the Immune-suppressed organ transplant recipients (OTRs) can develop catastrophic squamous cell carcinoma (SCC), characterized by multiple primary tumors, extensive body surface area involvement, or metastases. There are currently no curative systemic therapies available. We previously showed that IL-22 enhances SCC proliferation. Herein, we examined links between cyclosporine (CSA), IL-22, and SCC in patients, cell lines, and mice with UV light-induced SCC. Eighteen of 114 OTRs developed catastrophic SCC, which was strongly associated with CSA treatment. We found that CSA drives T cell polarization toward IL-22-producing T22 cells, and CSA treatment increased IL-22 receptor in SCC cells. SCC tissue from OTRs showed increased expression of IL-22RA1. CSA potentiated rescue by IL-22 of serum-starved SCC cells; treatment of SCC cells with IL-22 and CSA increased both their migratory and invasive capacity. In a UV-induced model of SCC in SKH-1 immunocompetent mice, treatment with anti-IL-22 antibody reduced tumor number and tumor burden. We found that catastrophic SCC in OTRs is associated with CSA use, which may be acting by favoring T22 polarization. Since anti-IL-22 antibody administration decreased tumor number and tumor burden in vivo, blockade of the IL-22 axis may be developed as a viable therapeutic option for catastrophic SCC.
prevention of allograft rejection in transplant recipients has been chronic immunosuppression using calcineurin inhibitors such as cyclosporine (CSA). CSA acts by binding to intracellular cyclophilin molecules -preventing the activation of the calcium-dependent phosphatase calcineurin -and inhibits the expression of immune-related cytokines such as IL-2 and IFN-γ (8, 9) . The use of these agents has been associated with an increased incidence of SCCs in particular primary cSCC, which occur proportionally to the intensity and duration of treatment (10, 11) . One proposed mechanism underlying the tumor-promoting effect seen with CSA use involves decreased tumor surveillance, which may occur as a result of diminished IL-2 production and systemic immunosuppression (12) . Additionally, CSA has been shown to have direct transformative effects on keratinocytes and may induce phenotypic changes that can increase cell invasiveness and unregulated tumor growth (13, 14) . CSA has also been associated with the promotion and stimulation of cellular proliferation in normal human fibroblasts (15) . Currently, however, the precise mechanism underlying the tumorigenic effect of CSA on SCCs -and its association with catastrophic SCC, as defined above -remains largely unknown.
Recently, we found that the TSCC immune microenvironment shows a distinct immune phenotype when compared with SCC lesions from immunocompetent patients (16) . In particular, we found an increased Treg/CD8 + T cell ratio and an increased percentage of CD8 + IL-22-producing T cells (T22 cells) (16) . These cells have been shown to produce IL-22 without IL-17 and are highly expressed in benign hyperproliferative conditions such as psoriasis and atopic dermatitis (17, 18) . IL-22 itself has been implicated in the promotion of inflammation and the suppression of keratinocyte apoptosis via the inhibition of terminal keratinocyte differentiation (19) (20) (21) . Increased expression of IL-22 and related cytokines may thus help explain the increased proliferation and subsequent poorer outcomes observed in TSCC.
We therefore investigated the role of CSA in catastrophic SCC in OTR and its relationship with the IL-22 axis in SCC in vitro. We further defined the presence of IL-22R in SCC and TSCC, as well as the mechanism through which CSA may contribute to IL-22-mediated SCC proliferation. Furthermore, we show that CSA itself may directly enhance the proliferation of cSCC cells. Finally, we demonstrate that IL-22 blockade decreases SCC number and burden in a murine model that mirrors human SCC development. Treatment with CSA may thus, in part, be responsible for the generation of a distinct and unique immune background, which promotes the development of the proliferative, invasive, and evasive SCC phenotype seen in OTR. IL-22 blockade may allow for treatment of widespread SCC without compromising CSA-mediated immune suppression.
Results
Cyclosporine A treatment is associated with increased risk for catastrophic SCC. We studied 114 OTRs followed in the High Risk Skin Cancer Clinic and Section of Mohs and Dermatologic Surgery in the Department of Dermatology at NYU Langone Medical Center and looked for factors associated with catastrophic cutaneous carcinomatosis, defined by one or more of the following: (i) development of 10 or more primary SCCs over 1 year; (ii) in-transit, regional, or distant metastases; and (iii) severe field disease, defined as greater than 50% body surface area involvement of dysplastic skin. Eighteen of 114 OTRs met this definition of catastrophic carcinomatosis, representing 16% of all OTRs in our population (Table 1 ). There were no significant differences in the type of organ transplant between those with catastrophic carcinomatosis and those without, with 56% of the catastrophic cohort receiving a kidney transplant, 33% receiving a liver transplant, and 11% receiving multiple organ transplants (Table 1 ). An immune suppressive regimen including CSA was associated with significant risk for catastrophic SCC (P < 0.005, Table 1 ) on univariate analysis. Catastrophic carcinomatosis was also associated with skin types I-III (fair skin with tendency to burn more easily than tan) (P < 0.001), female gender (P < 0.004), number of sunburns (P < 0.001), number of blistering sunburns (P < 0.001), and history of SCC prior to transplant (P < 0.05). OTRs with catastrophic SCC were more likely to develop SCC sooner after transplant than OTRs who did not develop catastrophic disease. We found that approximately 80% of OTRs with catastrophic disease developed their first posttransplant SCC within 10 months of receiving their allograft. Based on our clinical findings of rapid SCC development and morbid course in CSA-treated OTRs in our cohort, along with our prior work showing increased T22 polarization in TSCC (16), we set out to explore the effects of CSA on IL-22-mediated SCC proliferation, T cell polarization, and IL-22 receptor expression.
Cyclosporine A augments IL-22-mediated rescue from serum starvation and potentiates the effects of IL-22 in driving accelerated SCC growth. To further explore the relationship between CSA and IL-22-mediated tumor growth, as well as the effect of CSA itself on SCC proliferation, we cultured A431 cells in serum starvation conditions and investigated the influence of CSA and IL-22 treatment, both individually and in combination, on cell proliferation. We found that, similar to our previous results (16), IL-22 (40 or 100 ng/ml) rescued A431 SCC cells from serum starvation in a dose-dependent fashion ( Figure 1A ). Cells cultured with IL-22 were proliferative, with large colony formation and a significant increase in cell numbers, as compared with those grown in serum starvation alone (IL-22 40 ng/ml: 1.75 × 10 5 cells; IL-22 100 ng/ml: 3.2 × 10 5 cells; 0.1% FBS alone: 1.0 × 10 5 cells; P < 0.05; Figure 1A ). Furthermore, treatment with CSA (50 ng/ml) enhanced A431 cell proliferation for all conditions and further potentiated the hyperproliferation induced by IL-22, with dramatically enhanced colony formation (CSA 50 ng/ml: 1.7 × 10 5 cells, Figure  1A ) and elevated cell numbers seen when treated in combination (CSA + IL-22 40 ng/ml: 2.9 × 10 5 cells vs. IL-22 alone: 1.7 × 10 5 , P < 0.05, Figure 1A ). This suggests that CSA may be augmenting IL-22-driven SCC proliferation in OTRs.
Cyclosporine Summary of demographics and key significant differences between those with catastrophic carcinomatosis compared with noncatastrophic SCC in a cohort of 114 solid organ transplant patients. CSA treatment is significantly associated with development of catastrophic carcinomatosis and poorer prognosis in this cohort.
in determining what effect CSA might have in driving T cell phenotype. We stimulated PBMC-derived T cells taken from healthy volunteers and cultured with or without CSA (1,000 ng/ml) for 1 hour. Following incubation with CSA, there was a 90% decrease in the percentage of CD4 + IFN-γ-producing cells (90.3% ± 1.7%, P < 0.001, Figure 1B) . Similarly, IL-17-producing T cells (T-17) induction was also dramatically suppressed, with an approximate 97% decrease in the percentage of CD4 + IL-17-producing cells (96.2% ± 1.6%, P < 0.001, Figure 1B ). In contrast, treatment with CSA had no effect on numbers of IL-4-or IL-22-producing cells, and the percentage of CD4 + IL-22-producing cells remained relatively constant (15% ± 23%, Figure 1B ). This resulted in an elevated proportion of Th22 cells within the total CD4 + T cell population. We evaluated the effect of CSA on the CD8 + T cell population and again found a dramatic suppression of IFN-γ-and IL-17-producing cells with an 85% and 49% reduction in CD8 + IFN-γ-and IL-17-producing cells, respectively (84.7% ± 1.2%, 49.28% ± 11%, P < 0.001). CSA treatment had no effect on numbers of IL-4-or IL-22-producing cells, with the percentage of IL-22-secreting cells remaining relatively unchanged (146.7% ± 26.7%, Figure 1B ). The net effect of CSA treatment is an increased proportion of T22 cells as compared with other T cell subtypes.
IL-22 receptor is most highly expressed in TSCC and is induced by cyclosporine A.
We next studied IL-22 receptor expression in TSCC and wondered whether it might be affected by CSA treatment. We performed quantitative PCR (qPCR) analysis on mRNA extracted from human SCC, from TSCC lesions from patients with catastrophic outcomes, from their adjacent nontumor bearing skin, and from normal skin taken from healthy volunteers. We found a significant upregulation of the IL-22 receptor subunit IL10RB in the peritu- moral region of SCC, as compared with normal skin, the peritumoral region of TSCC (P < 0.05), and SCC tumor (P < 0.01). Furthermore, we found that TSCC lesions contained an approximately 3-fold increase in mean mRNA expression for the IL-22 receptor subunit IL22RA1 as compared with SCC lesions from immunocompetent patients (P < 0.05, Figure 1C ). These findings suggest that the IL-22 receptor is indeed highly expressed in TSCC lesions and the human SCC microenvironment in vivo. We were interested in evaluating the effect of CSA on the expression of the IL-22 receptor in SCC cells. We therefore cultured A431 cells with CSA (25, 50, 100, and 1,000 ng/ml) for 24 hours and performed reverse transcription PCR (RT-PCR) to determine IL-22 expression. We found that mean mRNA expression for the IL-22 receptor subunit IL10RB was increased approximately 2-fold following treatment with CSA. A 4-fold increase was observed following culture with 50 ng/ml CSA (P < 0.05, Figure 1D ). Similarly, mean mRNA expression for the IL-22 receptor subunit IL22RA1 was increased 2-fold following treatment with CSA, with a 4-fold increase following culture with 50 ng/ml CSA ( Figure 1D ). Incubation with CSA therefore results in the effective upregulation of mRNA expression for both subunits of the IL-22 receptor on SCC cells. This indicates that CSA treatment might render SCC more susceptible to IL-22 stimulation.
CSA and IL-22 enhance migration and invasion by A431 SCC cells in vitro.
Since we found that IL-22 enhanced proliferation of SCC and that this was further enhanced by CSA, we wondered whether IL-22 or CSA might affect migration or invasion by SCC. We performed scratch assays to assess migration of A431 SCC cells in vitro. Scratches were followed at time points of 8, 24, 32, 48, 56, and 72 hours. We found that A431 cells treated with IL-22 (20 ng/ml) had a greater rate of closure at all time points (Figure 2A ) with IL-22-treated cells showing significantly greater closure than control at 48 hours (Figure 2A , 47.7% ± 6.5% vs. 28.4% ± 6.5%, P = 0.05). Using the same technique, A431 cells were treated with CSA (50 ng/ml), and the CSA-treated cells showed accelerated migratory capacity with significantly greater percentage of closure seen at both 24 hours (11.2% ± 2.4% vs. 27.3% ± 5.7%, P < 0.05, Figure 2A ) and 48 hours (27.4% ± 1.7% vs. 49% ± 9.1%, P < 0.05, Figure 2A ). This shows that CSA or IL-22 can enhance migratory capacity of SCC cells and indicates the potential for enhanced invasive capacity. To further determine the influence of CSA and IL-22 on migration of A431 cells through extracellular matrices, we treated A431 cells with IL-22 (40 ng/ml) or CSA (25 ng/ml), both individually and in combination in an invasion assay. We found that treatment with CSA alone, IL-22 alone, and IL-22 and CSA in combination all significantly increased the invasive capacity of treated cells compared with untreated cells (fold changes of 1.3, P < 0.01; 1.9, P < 0.05; and 1.7, P < 0.001, respectively, Figure 2B ). Combination treatment did not show increased effect over CSA or IL-22 alone. Thus, a microenvironment rich in both CSA and IL-22, as is found in TSCC, might favor SCC invasiveness.
Treatment with anti-IL-22 antibody decreases SCC tumor number and tumor burden. We found several lines of evidence linking IL-22 with enhanced proliferation and invasion by SCC. We next investigated the effect of IL-22 blockade on SCC progression in mice. Exposure of immune competent SKH-1 mice to UV light (UVB) models the effects of UVB on SCC development in humans. SKH-1 mice were exposed to UVB irradiation for 15 weeks to induce tumor development. Mice were then divided into 2 groups; one group (treatment arm) received the anti-IL-22 antibody (0.3 mg/ml, i.p.) 3 times weekly until week 22. The other group (control arm) was treated with vehicle alone. This same antibody was used in previous murine studies that led to the development of fezakinumab, which was used in human trails for rheumatoid arthritis and psoriasis, and is currently being investigated for use in atopic dermatitis (NCT01941537).Treatment with the anti-IL-22 antibody resulted in decreased number and overall tumor burden between weeks 18 and 22 ( Figure 3 , A and B, P < 0.05). All treated mice tolerated the anti-IL-22 antibody without any adverse effects. Thus, we were able to decrease number and burden of UVB-induced tumors via systemic treatment with anti-IL-22 antibody.
Discussion
Over the last several decades, there have been considerable advances in the field of organ transplantation, which have led to a significant increase in the number of surgeries performed each year and the overall posttransplant survival rate of OTRs (22, 23) . As OTRs now live longer, complications of chronic immunosuppressive therapy have emerged as major causes of non-transplant-related morbidity and mortality. In particular, there is a dramatic increase in the incidence of aggressive SCC. TSCC lesions are furthermore associated with greatly elevated rates of metastases and recurrence, leading to a 3-year mortality, which can reach as high as 46% (7, 24, 25) . In the present study, we focused on CSA, a mainstay of immunosup-pressive therapy in OTR. We found that CSA treatment of OTRs is positively correlated with catastrophic SCC. Furthermore, CSA potentiated IL-22-mediated effects on proliferation of SCC in vitro and induced IL-22 receptor expression on SCC cells. This recapitulated our finding of increased IL-22R in TSCC samples from OTRs. In addition, treatment with anti-IL-22 antibody resulted in decreased tumor burden and tumor number in a murine model of UVB induced SCC. Taken together, these results identify the IL-22 . Images shown at ×4 magnification. Data represent mean of 3 experiments ± SEM. *P < 0.05 determined by t test. (B) Invasion of SCC cells through a membrane is significantly increased compared with control when treated with CSA and IL-22, both alone and in combination. Images at ×10 magnification. Scale bars: 400 μm. Data represent mean of 5 experiments ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 determined by t test.
pathway as a potential therapeutic target in treating OTR with TSCC and catastrophic carcinomatosis, a condition with no currently available medical treatment.
Catastrophic SCC was defined by Berg and Otley as (i) development of 10 or more primary SCCs over 1 year; (ii) in-transit, regional, or distant metastases; and (iii) severe field disease (>50% body surface area involvement of dysplastic skin) (7) . Using a cohort of our OTRs, we showed that CSA use was associated with significant risk for catastrophic SCC. This is the first report to link CSA therapy directly to catastrophic disease, and it is consistent with prior reports linking CSA, a calcineurin inhibitor (CNI), with overall SCC risk. It is important to distinguish between catastrophic and noncatastrophic SCC, since noncatastrophic skin cancer is usually easily managed by excision while catastrophic skin cancer brings morbidity and may shorten life (7) . Other factors associated with catastrophic SCC in OTRs include skin types I-III, female gender, number of sunburns, number of blistering sunburns, diagnosis of SCC prior to transplant, and development of first posttransplant SCC within 10 months of allograft. These criteria may be useful in determining which OTRs require most stringent screening efforts. This also may be useful in determining appropriate risk-to-benefit ratio when deciding whether to begin or continue CNI therapy. Since the incidence of SCC in OTRs appears to be directly proportional to the duration and intensity of immunosuppression therapy (11), one might consider an alternative in a fair-skinned allograft recipient with SCCs prior to transplant.
Much has been written about CSA and overall SCC risk, but there is little data on mechanisms responsible for CSA-mediated acceleration of carcinogenesis. Previous studies have suggested mechanisms for the association between CSA and SCC. These include decreased tumor surveillance, which may occur as a result of diminished IL-2 production, and systemic immunosuppression (12) . Additionally, CSA has been shown to have direct transformative effects on keratinocytes and may induce phenotypic changes, which can increase cell invasiveness and unregulated tumor growth (13, 14) . CSA has also been associated with the promotion of fibroblast proliferation (15) . Past studies in SCID mice have supported a role of TGF-β in immune evasion by SCC; our early work supports a role for TGF-β in SCC development (26, 27) . The current study sheds light on potential mechanisms for CSA-induced SCC in transplant patients utilizing tissue from catastrophic patients in our cohort.
We have previously shown the TSCC tumor environment to contain a unique T cell profile when compared with SCC from immunocompetent patients (16) . Specifically, we found that TSCC showed a significantly decreased percentage of CD4 + IFN-γ-producing cells and a significantly increased number of CD8 + IL-22-producing cells (16) . Our current findings suggest that CSA may actually be responsible for driving this disparate T cell phenotype through the selective inhibition of IFN-γ and IL-17. IFN-γ-producing cells are key mediators of the innate and adaptive immune systems and are critical for the generation of antitumor immunity (28) .
IL-22 is involved in multiple inflammatory processes and has also been shown to enhance progression of gastric, hepatocellular, and skin carcinoma (29) (30) (31) (32) (33) (34) . It mediates its effects via a heterodimeric receptor that is highly expressed in epithelial cells of the skin and other organs. Binding of IL-22 to its receptor results in the activation of signaling cascades, which ultimately lead to the promotion of cell cycle progression and the inhibition of apoptosis. This fits in well with our in vitro findings where CSA augments IL-22 rescue of SCC cells from serum starvation. In addition, CSA increased IL-22 receptor expression in SCC cells; this appears to recapitulate our finding of increased IL-22R expression in TSCC samples from OTR. In addition to being able to proliferate, skin cancer cells need to invade the dermis, access lymphatics, and evade immune detection in order to grow and spread. Our findings demonstrated that both IL-22 and CSA increased SCC cell proliferation and invasion in vitro. It has been shown that TSCC lesions are associated with greatly elevated rates of metastases and recurrence, leading to a 3-year mortality, which can reach as high as 46% (7, 24, 25) . CSA treatment of OTR may be driving SCC proliferation, migration, and invasion via the IL-22 axis.
Sun exposure is a known contributor to the development of SCC (35) (36) (37) . Oberyszyn and colleagues have developed a model of UVB-induced SCC in immune-competent hairless SKH-1 mice (38) . Over a period of 15 weeks of UV exposure, mice develop new cutaneous tumors that demonstrate enhanced growth and progression when treated with CSA following UV irradiation compared with UV exposure alone (38) . We found that CSA induced IL-22 receptor expression in SCC and enhanced IL-22-mediated SCC proliferation. This indicates a role for CSA in driving aggressive behavior by SCC through the IL-22 axis. We saw a reduction in tumor burden and number when we blocked this axis by treating UV -ed mice with anti-IL-22.
Immunosuppressive therapy is a major component of OTR treatment to maintain transplanted organs. The majority of OTRs are managed on multiple immunosuppressive agents, which generally include one calcineurin inhibitor (CSA or tacrolimus), along with an antimetabolite (azathioprine or mycophenolate) and prednisolone (39) . Tacrolimus has become increasingly popular in transplant patients over recent years, largely due to studies suggesting it has a lower risk of acute rejection in comparison to CSA; however, despite this popularity, there have been no clear benefits seen in long-term rejection rates (40, 41) . Tacrolimus, while also acting via calcineurin inhibition, has different toxicities and a differing side effect profile; because of this, it is not the best suited CNI for every patient (39, 42) . In recent years, there has also been a shift away from CNI-based therapy after transplant due to the availability of newer agents such as sirolimus. However, a recent study of over 3,000 transplant patients shows no reduction in SCC incidence with sirolimus (43) . In addition, recent reviews suggest that CSA may have a favorable safety profile compared with tacrolimus and favorable cardiac profile compared with sirolimus (44) . Since the differing toxicities of each of these classes of immunosuppressant appear to be dose related, combinations of agents including CSA are often used in order to minimize toxicities while maintaining efficacy in preventing allograft rejection (12, 45) . Thus, CSA will likely continue to be a significant component of immunosuppressive therapy in OTR, either in higher doses for appropriate patient subsets or in combination with other immunosuppressive agents. The ultimate goal of this research is to define the mechanism(s) by which CSA increases SCC and to tailor therapy to targets that will lessen CSA's tumorigenic side effects, without compromising the level of immunosuppression required to maintain the transplant. CSA causes immunosuppression via dual mechanisms -both via calcineurin inhibition and via an independent inhibition of the JNK and P38 signaling pathways (46) . By targeting the IL-22 pathway downstream of these effects, it is hypothesized that the specific effects of the IL-22 pathway can be dissected out, allowing targeted therapy of SCC while permitting concurrent immunosuppression via alternate pathways. The present study focusing on CSA's effects on IL-22 may lead to such a targeted therapy. Such therapy might someday allow OTRs to maintain their immune suppressive regimens without the risk of catastrophic skin cancers. Reference to our newly described risk factors for catastrophic SCC might provide criteria for consideration for such targeted therapy. We found that CSA increases the risk for catastrophic SCC in our cohort. We have identified a link between CSA and the IL-22 axis that can influence proliferation, invasion, and immune evasion by SCC. We showed that IL-22 blockade can decrease SCC burden and size in vivo using a murine system that mirrors development of UVB-induced SCC development in humans. Further clarification of this relationship can facilitate identification of novel points for intervention that may allow reduction of morbidity and mortality associated with catastrophic carcinomatosis in this population, while allowing adequate immune suppression to proceed concurrently. Successful targeting of this pathway might allow patients to remain on immune suppression that optimizes allograft survival while decreasing probability of catastrophic SCC.
Methods
Participants. Participants selected for cohort analysis were chosen from patient volunteers who had previously received an organ transplant -either kidney, liver, or pancreas -and now presented for dermatologic evaluation. A total of 114 patients volunteered to participate. IRB approval at NYU Langone Medical Center was obtained prior to enrolling patients to participate in the study. Data including demographics, risk factors, and associations were collected, and univariate analysis with SPSS was performed to determine any significant associations.
Cell culture for proliferation studies and cell counts. A cSCC cell line A431 (obtained from ATCC) was cultured in DMEM supplemented with 10% or 0.1% FBS (serum starvation medium) at 37°C for 48 hours to synchronize cellular proliferation at G 0 phase. Subsequently, cells were divided into 2 groups, with the one group receiving treatment with 50 ng/ml CSA (Sigma-Aldrich) and the second group receiving a vehicle control. Both groups were then grown in one of the following 4 conditions: (i) 0.1% FBS, (ii) 0.1% FBS + 40 ng/ml IL-22 (R&D Systems), (iii) 0.1% FBS +100 ng/ml IL-22, and (iv) 10% FBS (full growth media). Both CSA and IL-22 were reconstituted in PBS prior to administration according to the manufacturer's protocol. After 72 hours, the cells were photographed under light microscopy, harvested by trypsinization, and counted using an automated cell counter (Countess Automated Cell Counter, Invitrogen).
T cell isolation and flow cytometry. Whole blood samples were obtained from healthy volunteers (n = 3), following which PBMC-derived T cells were isolated and cultured with or without the addition of CSA (1,000 ng/ml) for 24 hours. T cells were then activated for 4 hours using anti-CD3/CD28 beads, in the presence of 10 μg/ml brefeldin A (Sigma-Aldrich). EDTA (2 mM; Fisher Scientific) was added for 10 minutes on ice to stop activation. Cells were then incubated in aqua marina live/dead dye (Invitrogen) on ice for 30 minutes for dead cell discrimination and subsequently fixed with 4% paraformaldehyde (BD Biosciences) on ice for 20 minutes. Cells were permeabilized in FACSPerm (BD Biosciences), blocked in 1:50 mouse serum (BD Biosciences), and incubated for 30 minutes on ice with the following anti-human, mouse monoclonal antibodies: CD3-Pacific Blue (eBioscience, clone 500A2), CD4-Phycoerythrin-Cy7 (eBioscience, clone RPA-T4), CD8-PerCp-Cy5. RNA isolation. Samples were obtained from surgical discard in Mohs micrographic surgery, from normal skin, tumor, and adjacent nontumor bearing skin, and tumors were obtained from transplant patients with catastrophic carcinomatosis and adjacent nontumor bearing skin. Total RNA isolation was carried out as described previously (26, 47) . Briefly, SCC (n = 9) and TSCC (n = 7) tumor samples were removed at Mohs micrographic surgery, and patient-matched, site-matched peritumoral skin was obtained at the time of repair after clear margins were achieved. Normal skin was obtained from normal volunteers (n = 9). All samples were snap-frozen and stored in liquid nitrogen. Individual frozen samples were placed in 1 ml of room temperature RLT Lysis buffer with 1% β-mercaptoethanol (QIAGEN) and immediately homoge-nized at full power for 30 seconds using a PowerGen 1000 homogenizer (Fisher Scientific). Homogenates were sonicated on ice for 20 seconds at full power. DNA was removed with on-column DNase digestion using an RNase-free DNase Set (QIAGEN). RNA was isolated using the RNeasy Mini Kit (QIAGEN) according to the manufacturer's recommendations. Total RNA concentration and purity was evaluated using an Ultraspec 2100 prospectrophotometer (Amersham Biosciences, GE Healthcare).
RT-PCR. All primers and probes used for the evaluation of target genes IL22RA1 and IL10RB were predesigned by Applied Biosystems and proven to have maximal coverage. Gene expression levels were normalized to housekeeping genes keratin 14 (KRT14, Applied Biosystems) and human acidic ribosomal protein (RPLP0, GenBank accession number NM-001002, Applied Biosystems). The RT-PCR reaction was carried out using 10 ng total RNA and EZ PCR Core Reagents (Applied Biosystems) according to the manufacturer's directions. The samples were amplified and quantified on an Applied Biosystems PRISM 7900 HT using the following thermal cycler conditions: 2 minutes at 50°C, 30 minutes at 60°C, 5 minutes 95°C; and 40 cycles of 15 seconds at 95°C followed by 60 seconds at 60°C.
Cell culture with CSA for RT-PCR and IL-22 receptor expression. Six-well plates were seeded at a concentration of 1 × 10 5 cells per well with A431 cells and cultured in full growth media using 3 ml DMEM supplemented with 10% FBS at 37°C for 48 hours. Subsequently, CSA was added to the wells using several different concentrations (25, 50, 100, and 1,000 ng/ml). CSA was reconstituted in EtOH prior to administration according to the manufacturer's protocol. A positive control and negative control were included, consisting of cells grown in full growth media alone, as well as those treated with an EtOH vehicle respectively. After 24 hours of incubation with CSA, cells were washed and collected using RLT lysis buffer with 1% β-mercaptoethanol in preparation for subsequent RNA extraction and RT-PCR analysis.
Scratch assay. A431 cells were cultured in 10% FBS DMEM media to 90% confluence and seeded at a density of 500,000 cells per well. Following incubation at 37°C in 5% CO 2 for 24 hours, a scratch was made using a 1-ml pipette tip, and cells were treated with IL-22 (20 ng/ml) or CSA (50 ng/ml). Scratch closure was photographed at 0, 8, 24, 32, 48, 56, and 72 hours. Rate of closure and percentage closure were subsequently calculated using ImageJ software (NIH), and data analyses were performed using GraphPad Prism 6 software.
Invasion assay. To investigate the effects of CSA and IL-22 on the invasive properties of SCC, cell invasion assays were carried out using both BioCoat (Corning Inc.) and CultureCoat (Trevigen) invasion assay systems as per manufacturers' protocols. A431 cells (ATCC) were seeded at appropriate densities in the top chamber of the assay with 5% FBS used as a chemoattractant in the bottom chamber. Both top and bottom chambers were dosed with CSA (25 ng/ml) or IL-22 (40 ng/ml), or a combination of both CSA and IL-22, at aforementioned concentrations. Epidermal growth factor (EGF) (100 ng/ml) was used as positive control. Plates were incubated for 24 hours at 37°C in 5% CO 2 , and the assays were quantified using the Spectramax M3 plate reader (Molecular Devices) at fluorescent wavelengths suggested by the manufacturer. Data were analyzed using GraphPad Prism 6 software, and images were acquired using an EVOS fluorescence microscope (NYU Langone Medical Center Small Instrument Fleet CORE).
Murine study. Murine studies were performed in collaboration with the Oberyszyn Lab at The Ohio State University using the SKH-1 hairless mice system as previously described (38, 48) . Female SKH-1 outbred hairless mice (6-8 weeks old; Charles River Laboratories) were housed in the vivarium at The Ohio State University. Mice were dorsally exposed to 2240 J/m2 UVB, previously determined to be one minimal erythema dose, 3 times weekly on nonconsecutive days for 15 weeks. UVB dose was calculated using UVX radiometer and UVB sensor (UVP) and emitted by Phillips FS40 UV bulbs (American Ultraviolet Company). After 15 weeks, UVB treatments were terminated and mice were assigned to one of 2 treatment groups: anti-IL-22 (0.3 mg/ml, n = 9) or vehicle control (n = 10) so that each group contained the same total number of tumors. Rat anti-mouse IL-22 antibody was obtained as part of a Material Transfer Agreement from Pfizer, and injections were dissolved in phosphate buffered saline. Antibody or vehicle treatment was administered i.p. 3 times a week for 9 weeks. The area (length × width) of individual tumors on each mouse was measured weekly to quantify tumor number, size, and total tumor area. Only tumors greater than 1 mm in any direction were included in the data set.
Provision of materials. Rat anti-mouse IL-22 antibody was obtained as part of a Material Transfer Agreement from Pfizer.
Statistics. Unless otherwise specified, statistical analyses were performed using GraphPad Prism software. Comparisons of cell counts were performed using a 2-tailed, Student's t test, with P < 0.05 considered to be significant. One-way ANOVA tests were used for the statistical comparison of flow cytometry data, supplemented with the Bonferroni post-hoc analysis.
Wilcoxon-Mann Whitney test was used as appropriate to account for multiple comparisons, with P < 0.05 considered to be significant. Averaged results of multiple experiments are presented as the arithmetic mean ± SEM.
Study approval. All human studies were reviewed and approved by the IRB at NYU Langone Medical Center. Human subjects were provided with written informed consent prior to involvement in the study. Written informed consent was obtained for all patients before their participation, and the study was performed with strict adherence to the Declaration of Helsinki Principles. The animal study described was reviewed and approved by the Institutional Animal Care and Use Committee at The Ohio State University and according to the requirements established by the American Association for Accreditation of Laboratory Animal Care. All procedures were approved by the Institutional Animal Care and Use Committee before the initiation of any studies.
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